Ascorbic acid (AA) 2 is a water-soluble vitamin which The oxidative degradation of ascorbic acid by hydro-reacts with H 2 O 2 (8). AA is a potent antioxidant in some gen peroxide was examined to determine routes of deg-in vitro models and prevents oxidation of a variety of radation and identify the initial products which form biomolecules (9, 10). AA reduces or prevents H 2 O 2 -inwhen ascorbic acid is oxidized. When reacted with hy-duced lipid peroxidation (11, 12), and the formation of drogen peroxide, solutions of ascorbic acid and dehy-OH-deoxyguanisine, acting as a free radical scavenger droascorbic acid are both ultimately oxidized to the in the CrCl 3 /H 2 O 2 system (13). Furthermore, AA prosame species, having a mass spectrum consistent with tects thymocytes against oxidant-induced apoptosis threonic acid. When the intermediate steps in the oxi-(14) and protects aged dermal fibroblasts from H 2 O 2 -dation of ascorbic acid are examined in detail, ascorbic induced cytotoxicity (15).
In contrast to its role as an antioxidant, prooxidant hydrolyzed dehydroascorbic acid are all oxidized properties have also been ascribed to AA under certain through a six-carbon compound previously proposed conditions. AA can cause strand breakage in DNA in to be tetrahydroxydiketohexanoic acid. Both dehy-the presence of oxygen (16) and can initiate cell death Cu(II) are thought to lead to the production of H 2 O 2 on mass spectral analysis, diketogulonic acid serves (19) and AA has been shown to increase OH-radical as an oxygen sink, implying that it may be a better levels in Fenton systems (20) .
reducing agent for toxic oxygen species than ascorbic
Whether or not, and under what circumstances AA acid. These data indicate that oxidation of ascorbic serves as an in vivo antioxidant or prooxidant, it is acid by hydrogen peroxide primarily proceeds through three major six-carbon intermediates, each clear that AA is easily oxidized (21, 22) , and H 2 O 2 will with distinctive redox properties. The stable metabo-react with and will oxidize AA.
lite diketogulonic may be a critical antioxidant in
The first step in the oxidation of AA is reportedly the ascorbic-acid-containing systems. ᭧ 1998 Academic Press formation of dehydroascorbic acid (DHA) with the loss of hydrogens from carbons 2 and 3 through a free radical intermediate (23) (24) (25) . This reversible reaction is thought to be primarily responsible for the antioxidant Hydrogen peroxide (H 2 O 2 ) is one of the principle reacproperties attributed to AA (23, 24) . The prooxidant tive products of oxygen metabolism. Accumulation of properties of ascorbic acid may be due to the simultane-H 2 O 2 can have profound deleterious effects on cells ous formation of the semi-DHA free radical (25) during through base modifications and strand breakage in ge-AA oxidation to DHA. nomic DNA (1-3), damage to lysosomal membranes Besides being reduced back to AA, DHA can also be (4), and the induction of apoptosis (5). In vivo, H 2 O 2 rapidly hydrolyzed to products such as 2,3-diketoguforms from the dismutation of superoxide, which in lonic acid (DKG) (26) and then can be further oxidized turn can be generated by phagocytic cells, mitochondria, or autooxidation of endogenous compounds such as catecholamines (6, 7).
to over 50 species containing five or less carbons (27) (28) (29) (30) (31) . This susceptibility to oxidation suggests that these intermediaries must also be reducing substances.
Certain experimental data imply there is more to the antioxidant effects of AA than simply the reversible AA:DHA reaction. For instances, it has been reported (32) that solutions of DHA better prevented cupric ioninduced low-density lipoprotein oxidation than AA. The mechanism of this effect is unclear since AA is readily oxidized to DHA and both AA and DHA should provide a source of DHA. However, the formation of AA to DHA generates the semi-DHA-free radical (25) which wouldn't be present if DHA were the starting material. The situation is further obscured by rapid hydrolysis of DHA to DKG or other degradative products (26) . After a short time, a DHA-containing solution will contain other species which could contribute importantly to the overall antioxidant capacity.
This report examines the oxidation of AA and AAdegradative products by H 2 O 2 , to determine immediate products which form during AA oxidation and the relative stabilities of the oxidative products during H 2 O 2 exposure. mm) using a temperature ramp of 30ЊC/min from 80 to Incubations and solubilization of volumes greater 300ЊC with helium as a carrier, and mass spectrometry than 500 ml were performed in plastic conical tubes.
MATERIALS AND METHODS

AA was obtained from
was performed on a Hewlett-Packard 5971A mass Reactions were otherwise carried out on 5-to 20-ml spectrometer. The scan mode was used to obtain full aliquots in 1.1-ml glass autosampler vials containing spectra (including the [M-57]/ ion) and retention times solutions of AA and DHA (final concentration, 0.3-60 using a mass range of 200-650. The electron multiplier mM). H 2 O 2 concentrations varied from 0.1 to 30% (30-was at 1650-2100 V. 9000 mM). The temperature ranged from 20 to 37ЊC. The pH of solutions as determined using short-range
RESULTS
and long-range pH paper (Fisher Scientific) varied between 3.0 and 4.5. No buffers were added. Reactions
To determine the sensitivity of AA to H 2 O 2 , 114 mM solutions of AA in water were mixed 1:1 (v/v) with 0.0, were halted by drying at 20ЊC for 30 min to 4 h using a Savant (Farmingdale, NY) vacuum centrifuge system. 0.2, 2, or 20% (0, 60, 600, and 6000 mM) solutions of H 2 O 2 to give a final concentration of 57 mM AA in 0.0, The dried aliquots were derivatized by adding 20 ml of TBDMS and 40 ml of acetonitrile then incubating the 0.1, 1, or 10% (0, 30, 300, and 3000 mM) H 2 O 2 . These solutions were incubated for 1 h at 37ЊC in triplicate, capped samples for 2 h at 60ЊC. Two-microliter aliquots were applied to a Hewlett-Packard (Avondale, PA) dried, derivatized with TBDMS and examined by gas chromatography/mass spectrometry (GC/MS). As 5890 gas chromatograph. Gas chromatography was carried out through a Supelco (Bellfonte, PA) 12-m di-shown in Fig. 1 , the total ion chromatograph (TIC) for the lower levels of H 2 O 2 (0.1 and 1%) does not appear not AA (Fig. 2B) or DHA (Fig. 2E) Fig. 1D , and the ion abundance of DHA is ried out at 20ЊC in 1% (300 mM) and 10% (3000 mM) H 2 O 2 . A parallel experiment was also performed where below visualization on the TIC's (Figs. 1A-1D ). This suggests that either the new peaks formed in Fig. 1D fresh solution of DHA was incubated in H 2 O 2 and the formation of THDH was monitored. do not arise from DHA or that DHA is less stable than the other products and is destroyed nearly as fast as As shown in Fig. 3A , DHA appears to form early from AA in a time-dependent manner. However, as also it is formed.
Based on mass spectra, the new products formed in shown in Fig. 3A , the relative DHA content does not continue to increase in the high H 2 O 2 incubation. In Fig. 1D are proposed to be 4,5,5,6-tetrahydroxy-2,3-diketohexanoic acid (THDH) (labeled 1) and threonic acid contrast, THDH shows a later but steady increase over time whether AA (Fig. 3B) or DHA (Fig. 3C) is the (labeled 2). THDH has previously been shown by our laboratory to be a major species formed when AA is starting material. These data suggest that AA is oxidized to DHA during exposure to H 2 O 2 , but that DHA exposed to H 2 O 2 (34). The proposed structure for THDH was presented previously (34) and no new structural is actually less stable in the presence of H 2 O 2 than AA.
There is no detectable formation of AA from DHA with studies were performed at this time.
To determine if DHA and AA go through similar deg- Since it is known that DHA spontaneously hydrolyzes into DKG and related products in water (26) , for 330 h. Aliquots were removed at 24-h intervals, derivatized with TBDMS, and examined by GC/MS. studies were performed on solutions of DHA which were allowed to decompose in water over a 10-day peNeither AA or DHA is detectable after the first 24 h in either sample, but, as shown in Fig. 2 , there is less riod. Integrations of the TIC at this point showed that hydrolyzed species were 10-fold more abundant than threonic acid relative to THDH if AA is the starting material ( Fig. 2A) than if DHA is the starting material DHA (Fig. 4A) .
Based on the relative abundance of DKG to DHA (2D). This pattern is still present at 48 h (not shown). However, by 72 h, the TICs are identical whether or in solutions incubated in 1% H 2 O 2 (Fig. 4B) , DHA is more stable than DKG since the ratio of m/z 591 lower concentrations (1%) of H 2 O 2 . Together, these data show that DKG is more unstable than DHA and (DKG) to m/z 345 (DHA) falls rapidly with time in H 2 O 2 . The formation of THDH was then followed rel-is more easily oxidized to THDH. More importantly, THDH has a mass exactly 16 greater than DKG. This ative to the residual DHA in solution of degraded DHA (Fig. 4C) to compare with the formation of mass spectral data implies that DKG acts like an oxygen sink during the formation of THDH, in con-THDH in fresh DHA (Fig. 3C) . As shown in Fig. 4C , there is a rapid increase in the relative formation of trast to previous degradative steps which involve a loss of hydrogen (AA to DHA), or a nonoxidative hy-THDH on exposure to either 1 or 10% H 2 O 2 . However, in solutions of DHA where hydrolysis has not drolysis (DHA to DKG). Furthermore, as DKG is oxidized, it avoids the formation of the semi-DHA free occurred to any appreciable extent (Fig. 3C) , the relative formation of THDH is slower, particularly in radical. Figure 5 shows a possible scheme for the oxidation of AA to DHA to DKG to THDH. However, rently appreciated. There is some data which agrees with this hypothesis. It has been shown that solutions it is important to note that the structures are shown in an unhydrated state and that other structures are of ''DHA'' were better at protecting low-density lipoprotein from cupric ion-indiced oxidation than solutions of possible for the compound referred to as THDH.
AA (32) , and DHA does spontaneously hydrolyze to DKG. Although chelation may play a part in the differ-DISCUSSION ences (35) , the other species that arise during continThis report shows that secondary species, particu-ued oxidative stress may also be important. larly DHA and DKG, are more susceptible to H 2 O 2 oxi-DKG is a compound which has the potential to be a dation than AA, which suggests that these species are critical factor in preventing oxidant injury from reacpreferred reactants. Although not well defined, these tive oxygen species. In this report, DKG is much less secondary reactions may contribute more to the antiox-stable in the presence of H 2 O 2 than DHA, which in turn was less stable than AA, demonstrating that it reacts idant properties of AA-containing solutions than is cur- vivo studies looking at the antioxidant properties of AA should consider using DKG as a complementary 11 
